Objective: To investigate the genetic diversity of Zika Virus (ZIKV) and the relationships existing among these circulating viruses worldwide. To evaluate the genetic polymorphisms harbored from ZIKV that can have an influence on the virus circulation. Methods: Three different ZIKV dataset were built. The first dataset included 63 E gene sequences, the second one 22 NS3 sequences and the third dataset was composed of 108 NS5 gene sequences. Phylogenetic and selective pressure analysis was performed. The edited nucleic acid alignment from the Envelope dataset was used to generate a conceptual translation to the corresponding peptide sequences through UGene software. Results: The phylogeographic reconstruction was able to discriminate unambiguously that the Brazilian strains are belonged to the Asian lineage. The structural analysis reveals instead the presence of the Ser residue in the Brazilian sequences (however already observed in other previously reported ZIKV infections) that could suggest the presence of a neutralization-resistant population of viruses. Conclusions: Phylogenetic, evolutionary and selective pressure analysis contributed to improve the knowledge on the circulation of ZIKV.
Introduction
Zika Virus (ZIKV) is an emerging mosquito-borne Flavivirus related to dengue, yellow fever, Japanese encephalitis, and West Nile viruses [1] . The genome of ZIKV is a single-stranded RNA of positive polarity of approximately 11 kb. Both ends of the genome contain the 5 0 and the 3 0 untranslated region, which do not encode for viral proteins. The encoded polyprotein is translated and co-and post-translationally processed by viral and cellular proteases into three structural proteins: capsid (C), premembrane (prM) or membrane (M), and envelope (E); seven non-structural proteins: NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5. The NS5 protein is constituted by two distinct domains, an N-terminal methyltransferase and a C-terminal RNAdependent RNA polymerase that are required for capping and synthesis of the viral RNA genome, respectively [2, 3] . The virus is primarily transmitted through the bite of infected mosquitoes. It has been isolated from Aedes africanus, Aedes apicoargenteus, Aedes luteocephalus, Aedes aegypti (Ae. aegypti), Aedes vitatus, and Aedes furcifer mosquitoes. Aedes hensilii was the predominant mosquito species found during the Yap islands outbreak in 2007 [4, 5] .
ZIKV has been documented in 1947, when it was isolated, for the first time, from a sentinel rhesus monkey stationed on a tree platform in the Zika forest, Uganda [6] . Since then, epizootics and small epidemics have occurred in Africa and Asia [4] until 2007 when a Zika fever epidemics took place in Yap Island, Micronesia [7] .
ZIKV infection requires a differential diagnosis with other infectious such as Dengue and Chikungunya. After a short incubation period of few days, the symptoms appear and usually last from three to 12 d.
The symptoms are arbovirus-like can rash, fever, arthralgia, conjunctivitis, headache, vomiting and edema. The disease is acute but self-limiting. Frequently, the infection course can be asymptomatic [8, 9] . The treatment is symptomatic, combining acetaminophen and antihistaminic drugs. Prevention against the infection, since there is no vaccine, relies on individual protection against bites and eradication of mosquitoes (antivectorial prevention).
Because of the lack of effective vaccines and/or therapies, ZIKV infection, can be considered an emerging disease and consequently a public health issue. In 2013, a large epidemic in French Polynesia was reported concomitantly with a dengue epidemic caused by serotypes 1 and 3. In the early 2015, records of patients presenting a 'dengue-like syndrome' appeared in Brazil. A new challenge has arisen in Brazil with the emergence of ZIKV and co-circulation with others arboviruses (i.e., Dengue and Chikungunya virus). Improved surveillance and response measures are needed to mitigate the already burden on health systems in Brazil and limit further spread to other parts of the world.
In the present study, phylogenetic and evolutionary analyses have been performed to investigate the genetic diversity of ZIKV and the relationships existing among these circulating viruses worldwide. As a second aim, we evaluated the genetic polymorphisms harbored from ZIKV that can have an influence on the virus circulation.
Material and methods

Datasets
Three different ZIKV dataset were built. The first dataset included 63 E gene sequences, the second one 22 NS3 sequences and the third dataset was composed of 108 NS5 gene sequences. The sequences of all the dataset were downloaded from the National Center for Biotechnology Information (http://www. ncbi.nlm.nih.gov/). All of these dataset were used to perform the selective pressure analysis.
A subset of 57 E gene sequences with known sampling dates and location was built. The sampling dates for the sequences in this subset ranged from 1947 to 2015. The sampling locations were Brazil (BR = 6), Cambodia (KH, n = 1), Canada (CA = 1), Central African Republic (CF = 4), Cook Island (CK = 1), Côte D'ivoire (CI = 11), French Polynesia (PF = 1), Gabon (GA = 1), Malaysia (MY = 1), Micronesia (FM = 1), Nigeria (NG = 1), Senegal (SN = 26) and Uganda (UG = 2).
This subset was used, for the presence of the Brazilian strains, to trace the demographic history and the phylogeography reconstruction related to the current epidemic in this South American country never reported before.
Likelihood mapping
The phylogenetic signal in a data set of aligned DNA or amino acid sequences can be investigated with the likelihood mapping method by analyzing groups of four sequences, randomly chosen, called quartets [10] . For a quartet, just three unrooted tree topologies are possible. The likelihood of each topology is estimated with the maximum likelihood method and the three likelihoods are reported as a dot in an equilateral triangle (the likelihood map).
Three main areas in the map can be distinguished: the three corners representing fully resolved tree topologies, i.e. the presence of treelike phylogenetic signal in the data; the center, which represents star-like phylogeny, and the three areas on the sides indicating network-like phylogeny, i.e. presence of recombination or conflicting phylogenetic signals. Extensive simulation studies have shown that >33% dots falling within the central area indicate substantial star-like signal, i.e. a star-like outburst of multiple phylogenetic lineages [10, 11] . Likelihood mapping analyses were performed, on each dataset, with the program TREE-PUZZLE by analyzing 10 000 random quartets.
Bayesian phylogenetic analysis: demographic history and phylogeographic reconstruction
The sequences of all the dataset were aligned by using Clustal X and manually edited by Bioedit, as already described [12] . The evolutionary model was chosen as the best-fitting nucleotide substitution model in accordance with the results of the hierarchical likelihood ratio test implemented in Modeltest software version 3.7 as already described [13] .
Maximum Clade Credibility tree on the subset (57 envelope gene sequences with known sampling date and location), were inferred using a Markov Chain Monte Carlo (MCMC) Bayesian approach implemented on the program BEAST v1. 8, under HKY + G + I model estimating the evolutionary rate using both a strict and an uncorrelated log-normal relaxed clock model. As coalescent priors, three parametric demographic models of population growth (constant size, exponential, expansion) and a Bayesian skyline plot (a non-parametric piecewise-constant model) were compared. The best fitting models were selected by means of a Bayes factor (BF, using marginal likelihoods) implemented in Beast v 1.8 [14] . In accordance with Kass and Raftery [15] the strength of the evidence against H 0 (null hypothesis) was evaluated as follows: 2lnBF <2 = no evidence; 2-6 = weak evidence; 6-10 = strong evidence; and >10 = very strong evidence. A negative 2lnBF indicates evidence in favor of H 0 . Only values of 6 were considered significant. The MCMC chains were run for at least 50 million generations, and sampled every 5 000 steps. Convergence was assessed on the basis of the effective sampling size. Only effective sampling size values of >250 were accepted. Uncertainty in the estimates was indicated by 95% highest posterior density (95% HPD) intervals. Statistical support for specific clades was obtained by calculating the posterior probability of each monophyletic clade.
The continuous time Markov Chain process over discrete sampling locations implemented in BEAST 1.8 [16] was used for the phylogeographical analysis by implementing the Bayesian Stochastic Search Variable Selection model, which allows diffusion rates to be zero with a positive prior probability. The maximum clade credibility tree (the tree with the largest product of posterior clade probabilities) was selected from the posterior tree distribution after a 10% burn-in using the Tree Annotator program version 1.8. The final trees were manipulated in FigTree version 1.4.2 for display purposes.
The demographic history was analyzed on the subset by performing the Bayesian skyline plot.
Selective pressure analysis
The CODEML program implemented in the PAML 3.14 software package (http://abacus.gene.ucl.ac.uk/software/paml. html) was used to investigate the adaptive evolution of the Zika Virus genes (E, NS3 and NS5). The sequences alignments of the three dataset were used to test whether they were under positive selection.
Six models of codon substitution: M0 (one-ratio), M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (beta), and M8 (beta and omega) were used in this analysis [17] . Since these models are nested, we used codon-substitution models to fit the model to the data using the likelihood ratio test [18] . The discrete model (M3), with three dN/dS (u) classes, allows u to vary among sites by defining a set number of discrete site categories, each with its own u value. Through maximum-likelihood optimization, it is possible to estimate the u and P values and the fraction of sites in the aligned data set that falls into a given category. Finally, the algorithm calculates the a posteriori probability of each codon belonging to a particular site category. Using the M3 model, sites with a posterior probability exceeding 90% and a u value >1.0 were designated as being 'positive selection sites' [17] . The site rate variation was evaluated comparing M0 with M3, while positive selection was evaluated comparing M1 with M2. The Bayes empirical Bayes approach implemented in M2a and M8 was used instead to determine the positively selected sites by calculating the posterior probabilities (P) of u classes for each site [19] . It is worth noting that PAML likelihood ratio tests have been reported to be conservative for short sequences (e.g. positive selection could be underestimated), although the Bayesian prediction of sites under positive selection is largely unaffected by sequence length [18, 20] . The dN/dS rate (u) was also estimated by the ML approach implemented in the program HyPhy [21] . In particular, the global (assuming a single selective pressure for all branches) and the local (allowing the selective pressure to change along every branch) models were compared by likelihood ratio test. Site-specific positive and negative selection were estimated by two different algorithms: the fixed-effects likelihood, which fits an u rate to every site and uses the likelihood ratio to test if dN = dS; and random effect likelihood, a variant of the Nielsen-Yang approach [22] , which assumes that a discrete distribution of rates exists across sites and allows both dS and dN to vary independently site by-site. The two methods have been described in more detail elsewhere [23] . In order to select sites under selective pressure and keep our test conservative, a P value of 0.1 or a posterior probability of 0.9 as relaxed critical values [23] was assumed.
Protein sequence and structure analysis
The edited nucleic acid alignment from the Envelope dataset was used to generate a conceptual translation to the corresponding peptide sequences through UGene software [24] . The reference sequence of the ZIKV Envelope protein (Reference Sequence accession: NC_012532.1) for its entire lengths was then aligned, using Clustal X, to the translated protein alignment. Candidate templates for homology modeling, with the reference sequence ZIKV Envelope as a query, were assessed through the Phyre v2.0 server for protein fold recognition [25] and selected on the basis of query coverage, E-value and better quality of the template structures. The model of ZIKV Envelope protein was built based on the known structures of the homologous Envelope proteins from the Japanese Encephalitis virus (PDB ID: 3P54) and from the Dengue virus type 3 (Dt3) (PDB ID: 1UZG). Clustal X calculated the alignment of the target sequence with the selected templates. A total of ten homology models was generated and optimized using Modeller 9.13 [26] . The model with the best values of the Modeller scoring function was chosen for subsequent analysis. To remove unfavorable contacts of amino acid side chains, derived from the homology modeling process, energy minimization was applied to the selected model using the GROMOS96 forcefield implementation in Swiss-PDB Viewer software (version 4.0.1) [27] . The model was validated with standard programs such as Prosa II and Procheck [28] . Residue conservation was evaluated through the Consurf server [29] . Alignment display and editing relied on UGene or Jalview [30] programs. Sequence Logos were drawn using WebLogo [31] . Protein structure analysis, in silico mutagenesis and mapping of the single point amino acid substitutions of the Brazilian Envelope protein sequences onto the three dimensional model and figure design were performed using PyMOL [32] .
Results
Likelihood mapping
The phylogenetic noise of the three different dataset was investigated by means of likelihood mapping. The percentage of dots falling in the central area of the triangles was 6.9% for the first dataset (Envelope gene), 1.7% for the second dataset (NS3 gene) and 15.8% for the third dataset (NS5 gene); as none of the dataset showed more than 33% of noise, all of them contained sufficient phylogenetic signal.
Bayesian phylogenetic analysis: demographic history and phylogeographic reconstruction
The BF analysis for the subset showed that the relaxed clock fitted the data significantly better than the strict clock (2lnBF = 15.02 for relaxed clock). Under the relaxed clock the BF analysis showed that the skyline model was better than the other models (2lnBF > 24.568). The estimated mean value of the Zika Virus E gene evolutionary rate was of 4.04 × 10 −4 substitution/site/year (95% HPD: 1.32 × 10 −4 -7.41 × 10 −4 ). Figure 1 showed the Bayesian phylogeographic tree of the E gene (subset) that was constructed using the evolutionary rate estimated. Phylogeographic reconstruction showed that the highest state probability for the root of the tree was an African state, as already described (state probability, SP = 0.28). Phylogeographic reconstruction showed three statistically supported clade (Clade A, B, C), originated in Senegal (Clade A, SP = 0.51) in Malaysia (Clade B, SP = 0.30), in Côte D'ivoire (Clade C, SP = 0.46), which inside of them some clusters statistically supported appear.
Phylogeographic reconstruction was able to determine that the ZIKV virus outbreak has a single origin and is associated with the Asian phylogenetic clade. Our results are in line with a recent paper, which suggests that the single origin of the ZIKV outbreak in Brazil is from French Polynesia [33] .
The demographic history of the first dataset of Zika Virus suggest that the epidemic showed a slight exponential growth up to 2 000 of the epidemic when started a decreasing phase showing a typical 'bottle neck' (Figure 2 ).
Evolutionary analysis
Selection pressure analyses performed in all the three different datasets E, NS3 and NS5 genes uncovered several sites (59.57%, 49.81% and 39.55% for E, NS3 and NS5 datasets, respectively) under strong negative selection (by using HYPHY) indicated by u < 0 suggesting high degree conservation in the genomic region analyzed.
Likewise, the lack of positively selected sites, (both by using HYPHY and PAML), indicated by u > 0, is typical of highly adapted phenotypes and shows no detectable directional change on the available data. Likelihood values and parameter estimates obtained from different data sets are listed in Table 1 . Estimates of the transition/transversion rate ratio (ts/tv) are quite homogeneous among models in each data set and thus are not shown in Table 1 . The average u ratio ranged from 0.0555 to 0.0674 among all models, for E gene dataset, suggesting that a non-synonymous mutation has only 5.55%-6.74% as much chance as a synonymous mutation of being fixed in the population. Regarding NS3 dataset the u ratio ranged from 0.0538 to 0.0754 suggesting that a nonsynonymous mutation has only 5.58%-7.54% as much chance as a synonymous mutation of being fixed in the population. Finally the average u ratio for NS5 dataset ranged from 0.062 to 0.102 suggesting that a non-synonymous mutation has only 6.2%-1.02% as much chance as a synonymous mutation of being fixed in the population.
Protein sequence and structure analysis
The alignment of Envelope proteins pointed out two sites where a residue substitution in the Brazilian sequences with respect to the others can be observed. The Phe in position 279 (numbering refers to the complete ZIKV reference sequence) is replaced by a Ser, while in position 311 an Ile is observed in place of a Val. As in the Brazilian sequence, both substitutions are present in other Envelope protein sequences: more precisely, in the sequences from virus strains isolated in Canada, Cambodia, Malaysia, French Polynesia, Micronesia and Cook Islands ( Figure 3A) . Except the Malaysian sequence, all the others date back to the last decade.
Residue conservation analysis carried out through Consurf site, revealed that residues occupying position 279 and 311 of ZIKV reference sequence are not conserved throughout protein sequences of Envelope proteins, independently from their origin (however, it should be noted that only sequences from flavivirus were selected). These amino acidic positions were mapped onto the three-dimensional structure of the Envelope protein homology model superposed to the original template from Dengue type 3 ( Figure 3B ). The side chains of both residues are located on the surface of the E protein, and probably for this reason they are predicted to be not essential for the maintenance of appropriate protein fold (i.e. the mutations do not destabilize the structure).
Ser 279 is located at the boundary between the so-called Domain I (DI), the central domain, and the Domain II (DII) ( Figure 3B ). In the template structures, a Phe residue, as well as in most of ZIKV Envelope proteins, occupies the same position. Table 1 Likelihood values and parameters estimates for the selection analysis of the E and NS3 and NS3 gene. Comparison of the amino acid sequences of other flavivirus E proteins, carried out with Consurf analysis, indicated that Phe279 was conserved in most wild-type viruses, although surrounding residues varied. The transition from a hydrophobic to a polar residue, as it is the case of Brazilian sequences, alter the local charge of the pocket: indeed, manual inspection of the structure showed a polar contact ( Figure 3C) , not observed in the wild type structure, between Ser side chain and the peptide carbonyl oxygen of a conserved Glu residue.
Regarding the other position that appears to be characteristic of Brazilian E sequences, Ile311Val, it should be observed that the position is highly variable in the sequence alignment obtained with other flavivirus sequences. Indeed, looking at the template structure, the structurally equivalent position in Japanese Encephalitis virus and D3t Envelope are occupied by an Asn and a Glu residue, respectively. Moreover, inspection of the model revealed that the Val side chain is projected on the surface of the protein ( Figure 3B ) in a loop located in the Domain III, near to the interface with the other monomer of E protein. So far, no functional role was confirmed for this residue from previous studies.
Discussion
The application of high-resolution phylogenetic methods, such as the Bayesian statistical inference framework, can allow the reconstruction of the geographic history of the still ongoing and never reported before epidemic in Brazil on the basis of the first isolates sampled at known times. Phylogeographic analysis may contribute to better understand the epidemiological history, the diffusion routes of this new epidemic and may contribute to the planning of prevention strategies [34] .
Only few data are actually available regarding the phylogenies of Zika Virus in Brazil. Moreover there are limited sequences available in NCBI especially with regard to the still ongoing epidemic wave in this South American Country. In the present study the phylogenetic analysis was conducted including all sequences with location, available in GenBank. This is the first study that focusing on Brazilian strains, by the evolutionary and phylogeographic analysis of ZIKV, for the E gene.
The phylogeographic analysis showed that, Zika Virus was probably originated in Africa and spread following different routes to the other locations, including African (Senegal, Côte D'ivoire and Uganda) and Asian (Malaysia, Micronesia, French Polynesia) regions. The analysis confirmed the proposed designation of the two probable lineage Asian and African, that was first reported in 2012 [35] .
For the first time, in this paper, the phylogeographic reconstruction was able to determine that the current ZIKV virus outbreak in Brazil has a single origin and is associated with the Asian phylogenetic clade. Our results seem also to be in line with a recent paper, which suggests that the single origin of the ZIKV outbreak in Brazil is from French Polynesia [33] .
The phylodynamic analyses showed a slight exponential growth up to 2 000 of the epidemic when started a decreasing phase showing a typical 'bottle neck' that could be explained with measures taken to reclaim [36] .
Insecticide treatments have probably driven a selection on the population causing severe bottlenecks and the appearance of insecticide resistance in Ae. aegypti [37, 38] . The genetic polymorphisms of ZIKV may also influence the virus circulation. Virus infectivity and antigenic variability and in particular, antigenic variation may play an important role in the ability of these viruses to escape the host immune response. In our study, using a selective pressure analysis method, negatively selected sites, were mostly found, suggesting the stability of the viral E, NS3 and NS5 proteins.
The alignment of Envelope proteins pointed out two sites where a residue substitution in the Brazilian sequences with respect to the others can be observed.
Ser 279 is located at the boundary between the so called Domain I, the central domain, and the Domain II, that contribute to important dimerization contacts that coordinate the antiparallel E arrangement on mature virus particle [39] . This region, defined as the 'kl' beta-hairpin binding pocket, has a role in the conformational rearrangement that drives membrane fusion [40] . In the template structures, a Phe residue, as well as in most of ZIKV Envelope proteins, occupies the same position. Comparison of the amino acid sequences of other flavivirus E proteins, carried out with Consurf analysis, indicated that Phe279 was conserved in most wild-type viruses, although surrounding residues varied. This conservation is in line with the function of the hydrophobic pocket, which through a conformational shift, is able to accept hydrophobic ligands [41] . The transition from a hydrophobic to a polar residue, as it is the case of Brazilian sequences, alter the local charge of the pocket: indeed, manual inspection of the structure showed a polar contact, not observed in the wild type structure, between Ser side chain and the peptide carbonyl oxygen of a conserved Glu residue. A similar Phe to Ser substitution in the equivalent position of the E protein of Dengue 3 virus was reported by Lee et al. [42] : they observed that this mutation causes escape from neutralization with IgM M10 and was associated with altered pH sensitivity of that virus. Moreover, the substitution of Ser for Phe at E279 of the dengue 1 neutralization-resistant virus population was demonstrated to be a nonconservative change that increased the hydrophilicity of this region of the protein [43] . A sort of analogy can be do with Chikungunya virus about the A226V of the E1 protein. Lo Presti et al. [44] followed this variant reconstructing the geographic spread of CHIKV during the last epidemic wave. This mutation was important and necessary to change the Chikungunya vector from Ae. aegypti to Aedes albopictus determining the Indian Ocean outbreak [44] . Because only few sequences have been available from Brazil it is important to follow and to confirm the eventual introduction of ZIKV in Brazil from Asian regions. A more extensive analysis of additional samples from other Brazilian regions, as well as a complete viral genetic characterization is needed.
All these observations suggest that, also in ZIKV Envelope, the region around Phe279Ser mutation might act as a hinge for low pH-induced conformational changes accompanying the E protein dimer to trimer transition, which occurs prior to its fusion with host cell membranes. The presence of the Ser residue in the Brazilian sequences (however already observed in other previously reported ZIKV infections) could suggest the presence of a neutralization-resistant population of viruses [45] .
In conclusion, the study trough the phylogeographic and selective pressure analysis contributed to improve the knowledge on the circulation of ZIKV in Brazil. From these analysis emerged also the indication of a possible outbreak in Brazil with strains Phe279Ser neutralizing resistant that could indicate the need of a molecular epidemiological monitoring.
The understanding of the epidemiology of ZIKV is limited and the evolution of the outbreak needs to be carefully investigated to better assess the risk of spread and its consequences for public health. The knowledge of the circulating ZIKV lineages in Brazil is considered essential, as the Asian lineage seems to have a high epidemic potential.
